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Deep-UV optical gain has been demonstrated in Al 0.7 Ga 0.3 N/AlN multiple quantum wells under femtosecond optical pumping. Samples were grown by molecular beam epitaxy under a growth mode that introduces band structure potential fluctuations and high-density nanocluster-like features within the AlGaN wells. A maximum net modal gain value of 118 6 9 cm À1 has been measured and the transparency threshold of 5 6 1 lJ/cm 2 was experimentally determined, corresponding to 1.4 Â 10 17 cm À3 excited carriers. These findings pave the way for the demonstration of solid-state lasers with sub-250 nm emission at room temperature. There are many pressing but yet unrealized applications for optoelectronic materials and devices that can function well into the deep-UV particularly in the areas of biochemical detection, water disinfection, medical diagnostics, and nonline-of-sight free-space communications. The family of nitride semiconductors are currently utilized for high efficiency bluegreen LEDs and lasers.
1,2 Recently, AlGaN-based LEDs with sub 300 nm emission have been demonstrated, [3] [4] [5] [6] [7] [8] [9] [10] suggesting the possibility to achieve lasing at wavelengths as short as 220 nm. [11] [12] [13] [14] In this work, we developed an innovative strategy to grow AlGaN/AlN quantum wells with nano-cluster-like features emitting below 250 nm, and we demonstrated optical gain under pulsed excitation.
The investigated samples were deposited on the Si-face of (0001) 6H-SiC substrates by molecular beam epitaxy (MBE) at the substrate temperature of 770 C using an rf plasma source for nitrogen activation. They consist of a 0.5 lm thick AlN cladding layer, followed by 10 periods of Al 0.7 Ga 0.3 N (1.5 nm)/AlN (40 nm) multiple quantum wells (MQWs) and a 100 nm AlN cladding layer. The number of quantum wells was selected to optimize the tradeoff between vertical optical confinement and material gain for fixed number of injected carriers. 15 The AlN layers were grown under stoichiometric conditions, while the Al 0.7 Ga 0.3 N wells were grown under Ga-rich conditions (Al þ Ga > active nitrogen). Since the stoichiometry of the AlGaN film is determined only by the Al flux, 16 excess liquid Ga accumulates on the surface of the growing AlGaN film. Growth under these conditions proceeds through saturation of the liquid Ga covering the surface of the growing film with nitrogen and aluminum, followed by subsequent crystallization from the melt onto the underlying AlGaN seed. 8, 9, 17 As discussed in these references, this growth mode is a liquid phase epitaxy (LPE) rather than physical vapor epitaxy. While in traditional LPE, the driving force is the gradient temperature between the liquid and seed, in the proposed mode of MBE growth of AlGaN, the driving force is the concentration gradient due to the constant supply of active nitrogen and aluminum. Due to lateral thickness fluctuations of the liquid gallium on the growing surface, this growth mode leads to lateral compositional inhomogeneities in the AlGaN wells introducing band-structure potential fluctuation beyond the statistical ones due to the alloy disorder. Thus, injected electron-hole pairs are localized in the minima of these potential fluctuations, which prevent them from diffusing and recombining non-radiatively at dislocations and point defects.
The samples were evaluated by spectrally resolved cathodoluminescence (CL) spectroscopy and imaging at 10 kV accelerating voltage. Also, high-resolution structural characterization was made with a JEOL JEM-4000EX transmission electron microscope (TEM) operated at 400 kV. High-angle annular-dark-field images were recorded with a probe size of $0.2 nm, using a JEOL JEM-2010F operated in scanning TEM mode at 200 kV. Incidentally, beam-induced (and sample-preparation) artifacts are known to occur in the InGaN system but there have never been any reported clustering in the AlGaN system; nevertheless, our AlGaN/AlN TEM samples were prepared primarily using wedge-polishing with minimal low-energy ion-milling. The defect density in the epitaxial structures was estimated to be about 10 8 cm À2 . The variable-stripe length (VSL) methodology has been applied for a detailed quantification of the gain properties. [18] [19] [20] [21] [22] The excitation system consists of a tunable ultra-fast highpower laser (Spectra Physics Mai Tai) operated at 880 nm, 80 MHz repetition rate, 150 fs pulse duration, which is used to pump a fourth harmonic generator crystal (Spectra Physics GWU-24FL). The pump beam consists of ultra-fast pulses at 220 nm that are focused on the sample surface through a cylindrical lens. The beam profile has been measured through the knife-edge technique and a maximum stripe length of 200 lm has been utilized to guarantee a homogeneous illumination of the sample. The amplified spontaneous emission (ASE) signal was collected from the cleaved edge of the sample through a UV-transmitting objective, an f/4 a) These authors contributed equally to this work. (2012) monochromator (Cornerstone 260) with UV-efficient gratings, and a lock-in amplifier (Oriel Merlin) coupled to a UV-optimized photomultiplier tube (Oriel Instruments 77348).
A monochromatic CL image of the investigated sample at the peak emission wavelength of 242 nm is shown in Figure  1 (a). This image indicates spatial non-uniformities on a submicron scale, consistent with the previously discussed formation of clustering and band structure potential fluctuations in AlGaN alloys grown by the discussed method. Figure 1(b) shows a high-angle annular-dark-field (Z-contrast) electron micrograph cross section of the same sample. The enlarged image in panel (c) reveals nanocluster-like features within the AlGaN layer. The typical size of the nanoclusters in this image is approximately 2 nm in the plane and 1.5 nm (the well thickness) in the growth direction, suggesting quantumdot behavior. However, given the high-magnification (i.e., small spatial extent) of this micrograph and the longer-range inhomogeneities observed in Figure 1 (a), we are unable to estimate the actual density and average size of these nanoclusters. Further structural studies will, therefore, be required to fully characterize the possible role of 3D quantum confinement in these samples.
In Figure 2 , we show the ASE peak intensity measured at 241 nm as a function of the pump fluence. The emission exhibits a clear super-linear dependence vs the pump fluence. This evidence is suggestive of light amplification by stimulated emission in the active material. Figure 2 (inset) shows the ASE spectra excited at four representative fluence values. The spectra appear to be slightly asymmetric on the long wavelength side and have been fitted by two Gaussian lineshapes, one centered at 241 nm, and the other at 250 nm. The double Gaussian fit of the ASE spectrum collected at the highest fluence (15 lJ/cm 2 ) is shown as a representative example. The black dotted lines represent the two best Gaussian fits with full width half maximum (FWHM) of 8 nm and 6 nm. To better understand the nature of these two emission peaks, we measured their polarization properties under VSL gain conditions and show the results in the polar plot of Figure 2 (inset) . We found the peak emission at 241 nm to be polarized in the plane of the MQW structure, corresponding to a TE mode. This result is consistent with some previous theoretical calculations, 23, 24 indicating that the turnover point for the switching between TE and TM polarization occurs at shorter wavelengths and for much higher Al contents. On the other hand, the second peak emission at 250 nm is completely unpolarized. Consistently with what is reported in the gain literature of nitride materials, 22 the 8 nm-linewidth of the TE-polarized ASE emission does not narrow with pump until gain saturation, which is far from our experimental conditions. Moreover, we calculated using the Linford theory of an inhomogeneously broadened amplifier, 25 that the expected ASE line narrowing under our excitation conditions is comparable to the spectral resolution of our setup (i.e., 2 nm). In the rest of this paper, we focus exclusively on the gain quantification of the TE-polarized ASE signal at 241 nm. We performed VSL scans under different pump fluence values as a function of the excitation length (Figure 3) . A fit using the model in Ref. 18 has been performed, carefully ensuring constant intensity along the pumping volume, which limits the length of the VSL scans to approximately 200 lm (i.e., for a longer excitation length, the assumption of constant pumping efficiency is no longer valid). 20, 21 Two different regimes can be identified uniquely varying the excitation fluence. In fact, at the two lowest fluence values, the VSL traces yield modal absorption values of about 30 and 10 cm
À1
. On the other hand, when increasing the pump fluence under identical VSL configuration, we observe that the curvature of the VSL traces becomes positive, indicating optical gain in the material. At the maximum pump fluence, we measured a modal gain of 85 6 9 cm À1 at 241 nm. Note additionally that the optical confinement factor of our sample is of the order of 1%. As already reported in the literature, 21 this does not prevent light amplification in a VSL configuration, but the material gain is expected to be significantly higher than the measured net modal gain. In the inset of Figure 3 , we summarize all the modal gain values measured as a function of the pump fluence. All data lie on a linear trend from which we can estimate the gain threshold to be approximately 5 6 1 lJ/cm 2 . Considering a typical absorption coefficient of 10 5 cm À1 at this wavelength, 26 and assuming that each photon generates an electron-hole pair, we can estimate the upper bound for the density of optically excited carriers at gain threshold to be of 1.4 Â 10 17 cm
À3
. This is an extremely small value for a quantum-well gain medium. In fact, for a defect-free quantum well system with the layer thicknesses and compositions used in this study, we compute a transparency carrier density of about 3 Â 10 19 cm
. Our experimental results are therefore consistent with the presence of nanoclusters originating from compositional inhomogeneities in the well layers, which can be inverted using significantly lower carrier densities due to their limited area coverage.
The pump-fluence-dependent net modal gain spectra, obtained from VSL spectra collected at the fixed excitation lengths of 75 and 150 lm, 27 are shown in Figure 4 versus the emission energy at five representative fluence values. We observe that the gain spectra at the two lowest fluence values appear to be featureless and negative in value, indicating that the material is well into the absorbing regime. However, by increasing the pump fluence, the gain spectra turn into positive values, broaden and red-shift with respect to the peak emission. The modal gain measured at maximum fluence in this material is about of 118 6 9 cm À1 observed at 254 nm. Furthermore, we notice that all the gain spectra converge to zero gain on the low energy side of the peak. At this zerocrossing region, it is possible to extract an effective energy gap for the material, which we found to be 4.6 6 0.2 eV.
In conclusion, we have unambiguously demonstrated optical gain in AlGaN quantum structures down to 230 nm with a maximum net modal gain value of 118 6 9 cm À1 at the highest excitation fluence of 15 lJ/cm 2 . The optical gain threshold was measured to be 5 6 1 lJ/cm 2 from which we estimate the density of optically excited carriers at the threshold to be 1.4 Â 10 17 cm
. This is two orders of magnitude lower than what can be achieved with uniform quantum well structures, which highlights the benefits of introducing band-structure potential fluctuations in the MQW layers for laser applications. 
